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Introduction
The economic importance of service production increases. Recent economic growth in the industrialized countries has been largely based on expanding service sectors. This trend is likely to continue. Service growth is expected to provide a major source of employment. On the other hand, the largest potentials of automation are identified in trade, banking, insurance, and public administration. For instance, Thome (1997) estimates 6.7 million potential job losses in Germany by the diffusion of state-of-the-art IT-technology in the mentioned service industries.
In view of these and related issues, this paper develops production functions designed to model production and technological change in service industries. The methodological approach has been applied previously to derive production functions modeling industrial evolution (Kümmel et al. 1985 (Kümmel et al. , 2002 . The approach takes into account the production factor energy, which enables to incorporate potential progress of automation, i.e. the substitution of labor by energy and (increasingly information processing) capital, in the production function. In addition, technological change is modelled via capital-related efficiency parameters.
Within the conventional production function approach, technological progress is exogenous and the production factor energy, if taken into account as a factor, is attributed minor importance. Regarding the minor technological importance of energy in production theory, it is noteworthy to recall the historical development of the neoclassical model. When the concept of marginal utility was introduced in the 19th century, the primary focus was on a theory of value, price, and exchange. One started with a 'model of pure exchange' of goods, without considering their production. When the marginal-utility concept was extended to apply to production, however, this implied the technological assumption of sufficient factor-input substitutability such that, at given factor prices, the cost-minimizing production optimum lies in the interior -and not on the boundary-of the region in factor space accessible to the production system according to the state of technology (at a given point in time). With this technological assumption of an interior optimum in factor space, marginal factor productivities equal factor prices, and, in the resulting production model, the output elasticities of the factors equal their cost shares. It is however not a-priori obvious, whether the assumption of sufficient factor-input substitutability and interior production optima is justified empirically. Alternatively, one might expect that routine labor can be substituted by energy and capital only to the extent to which technological progress removes technological restrictions and makes the corresponding factor combinations accessible.
In the industrialized countries the factor cost shares are typically 0.7 (labor), 0.25 (capital) and 0.05 (energy). With these shares as technological factor-input weights neither the recessions during the energy crises in the 1970s, nor long-term economic growth can be explained. Large residuals remain. They are associated with a timedependent multiplier in the aggregate production function and interpreted as the effects of "technical progress" (Solow, 1957) . In most cases the residual plays a more important role than the explanatory factors, which, according to Gahlen (1972) , makes the neoclassical theory of production tautological. Solow (1994, p. 48) comments: "This ... has led to a criticism of the neoclassical model: it is a theory of growth that leaves the main factor in economic growth unexplained''.
Motivated by the Solow residual, 'new' growth theories emerged since Romer (1986) and Lukas (1988) . Their key feature is to drop the assumption of diminishing returns to capital by introducing knowledge and human capital, arguing for positive spillovers of knowledge.
Along this line, many important contributions have been made, e.g. by endogenizing R&D-activity, the process of innovation, monopolistic competition, or international trade (see, e.g., Grossman and Helpman, 1989; Agion and Howitt, 1992; Romer, 1994 The present paper follows a complementary approach, keeping the conventional notion of physical capital and the assumption of diminishing returns. The approach takes into account the production factor energy in the production function, which enables to explicitly include production possibilities associated with increasing automation.
In fact, the issue of automation, and, more general, engineering foundations in production theory, although apparently crucial (as such and in view of the potentialities of and limits to technological progress), are virtually absent in the literature on the level of macro-economic production functions. As Dorfman, Samuelson, and Solow (1958, p. 131) remark, "...there seems to have been a misunderstanding somewhere because the technologists do not take responsibility for production functions either. They regard the production function as an economist's concept, and, as a matter of history, nearly all the production functions that have actually been derived are the work of economists rather than of engineers". Admittedly, some work on engineering production functions has been done, meanwhile. This work, however, focuses rather on specific industrial production processes than on the macro-level. To give an example, Gow (2002) derives production functions depending on capital, labor, energy, and specific material inputs for olefin alkylation processes in refinery engineering, taking into account thermodynamic laws and process constitutive equations 1 . From this perspective, the present paper, which has its roots in the work of Kümmel (1980 Kümmel ( , 1982 , tries to 1 E.g., kinetic rate or stoichiometric relations.
contribute to bridging the gap between thermodynamics and engineering on the one hand and macro-economic production functions on the other. 2 Whereas the (macro-) production functions of Kümmel et al. (1985) focus on industrial production, the present paper proposes new functional forms designed to model the evolution of service industries.
The commonly used macro-economic production functions, apart from general convexity requirements, do not exploit any specific technological a-priori information.
Translog functions, as second-order Taylor expansions of any (log-linear) functional form, are as such general and flexible -but the resulting relatively large number of their free parameters reduces their explanatory power from a statistical perspective. In view of the principle trade-off between generality and flexibility on the one hand and explanatory power on the other, it would be desirable to reduce the degrees of freedom of production functions not only through general convexity requirements, but by imposing specific technological boundary conditions, while introducing parameters with a well defined physical/technological interpretation. This is the strategy of the present paper. It derives energy-dependent production functions by specifying technological boundary conditions for the elasticities of production, and then obtains production functions by integration. This way, Section 2 derives production functions for service industries. Section 3 provides a numerical example by applying the model to the market-determined services in Germany for the period . Section 4 provides a summary and conclusions.
Deriving production functions from technological boundary conditions
In modelling the evolution of production systems we start from the following total timederivative of a production function q(k,l,e,t):
Here q, k, l, and e are appropriate measures of value-added, capital, labor, and energy, respectively. Taking into account the production factor energy is necessary, if production functions are to have a physically sound interpretation. Energy is measured in energetic units, e.g. petajoule per year, labor in hours worked per year. Ideally, one would like to measure capital by the amount of work performance and information processing that capital is able to deliver when fully activated by energy and labor. Likewise, the output might be measured by the work performance and information processing necessary for its generation. The detailed, quantitative technological definitions of capital and output are given in (Kümmel, 1980 (Kümmel, , 1982 . Since, however, the corresponding physical measurements are not available empirically, proportionality between them and the constant currency data is assumed. In Eq. (1), all quantities are normalized to their
We include an explicit time-dependence of q to model structural change and innovation, e.g. improvements of organisational and energy conversion efficiencies, see below.
Rearranging (1) yields the following growth equation (2) where α≡(k/q)/(∂q/∂k), β≡(l/q)/(∂q/∂l), and γ≡(e/q)/(∂q/∂e) are the output elasticities of capital, labor, and energy, and C≡(t/q)(∂q/∂t)(dt/t) represents the explicit time-dependence of the production function.
As long as the explicit time-dependence vanishes, i.e., ) 3 ( , 0 = C capital, labor, and energy are, by definition, all factors of production, and technical causality in their work performance and information processing uniquely determines the output q. The mathematical consequences are that, given Eq. (3), the functions α(k,l,e), β(k,l,e), and γ(k,l,e) must satisfy the integrability conditions of Eq. (2) (see below) and the integral, i.e. the production function, exhibits constant returns to scale,
A non-vanishing C, on the other hand, will be associated with the time-dependence of the technological parameters to be introduced on the way of deriving the production function. Through changes of these parameters, one component of technical progress is modelled. The other component of progress, the one based on increasing automation, i.e. the substitution of labor by energy-driven (and increasingly information processing) capital, will be explicitly incorporated into the energy-dependent functional form. Note that energy-dependent production functions are not necessarily confined to the mapping of a set of production possibilities at a given point in time, but may incorporate potential future production possibilities as a result of automation-based technical progress.
The integrability conditions of the production function, i.e. the requirement that the second-order mixed derivatives of q with respect to capital, labor, and energy have to be equal, result in a set of three (cyclically symmetric) coupled partial differential The most general solutions of (5) and (6) are α=f(l/k, e/k) and γ=g(l/k, e/k), i.e., the elasticities may be arbitrary differentiable functions f and g of the factor ratios.
Additionally, they have to satisfy the coupling equation (7). The boundary conditions which determine the solutions of this system of partial differential equations unequivocally would require the knowledge of α on a surface and γ on a curve in klespace (Smirnow, 1962; Kümmel, 1980) . Although it is practically impossible to obtain such knowledge, this insight accorded from the theory of partial differential equations provides the key to incorporating specific technological information into the production function. The idea is to replace the "real" boundary conditions -which would determine the "true" production function-by approximate or asymptotic technological boundary conditions, specify the elasticities of production correspondingly, and then obtain the production function by integration.
Technological boundary conditions of service production
The factor-dependence of the output elasticity of capital can be specified using the law of diminishing returns to capital (Kümmel, 1980) : We take into account that capital 3 In Kümmel (1980) γ is eliminated, resulting in a corresponding set of equations for α and β. growth contributes to output growth, as labor and energy, which handle and activate capital, grow correspondingly; without any labor and energy (i.e., at zero capacity utilization) capital cannot be productive. This is reflected by the following asymptotic technological boundary condition on the output elasticity of capital, α :
The simplest possible ansatz for α as function of factor ratios, as required by (5) Whereas in manufacturing a state of total automation can be, at least in principle, considered technologically feasible, in service production, by its very nature, the potentials of automation are much more limited. However, it is still possible to substitute routine labor by energy and (increasingly information-processing) capital. In fact, in the medium term most substitution of labor by computer-based information processing is expected in trade, banking, insurance, and public administration (Thome, 1997) . Therefore, it is plausible to assume that in service production a state of maximum automation is possible. We incorporate the corresponding production possibilities in the production function by employing the law of diminishing returns: It is assumed that the approach towards the state of maximum automation in service production is associated with decreasing returns to energy utilization; in the limiting state the increase of output due to (additional) energy input vanishes. Introducing the demands of energy e m and capital k m in the state of maximum automation, this imposes the following asymptotic boundary condition on the elasticity of production of energy, γ :
The simplest ansatz for the elasticity of energy as function of the factor ratios, satisfying the boundary condition (10) and the differential equation (7), which couples it to the elasticity of capital, Eq. (9), is: Inserting these elasticities of production, (9) and (11), together with β=1-α-γ from (4), into the growth equation (2), while observing C=0, and integrating with the integration constant q 0 , yields the service production function q S1 : The above procedure of deriving production functions by specifying factordependences of output elasticities subject to a set of partial differential equations and asymptotic technological boundary conditions in factor space may be employed to derive further new functional forms. We give one more example.
In order to emphasize the labor-dependence of service production, one may introduce another boundary condition on the output elasticity of capital, in addition to those given above:
The simplest output elasticities, which satisfy both the system of partial differential equations (5)-(7) and the boundary conditions (8), (10), and (13), are It is important to note that the elasticities of production must be non-negative in order to make economically sense. In this way, limits to factor-input substitutability are taken into account. The requirement of a positive γ (in (11) or (16)) implies that one cannot feed more energy into the machines and electric devices of the capital stock than they can receive according to their technical design. The requirement of non-negative α, β, and γ imposes restrictions on the admissible factor quotients in the elasticities of production and the production functions.
Numerical example
In order to illustrate the principle working of the derived functional forms, the service production function q S1 of Eq. (12) is applied to the evolution of the German sector "market-determined services" 1960-1989. The result of fitting q S1 to the empirical timeseries of capital, labor, energy, and output is depicted in Fig. 1 . The numerical values of the three technology parameters for the periods until 1977 and after 1978 have been determined by non-linear OLS subject to the constraints of non-negative elasticities of production, using the Levenberg-Marquardt method (Press et al., 1992) . Although, in our illustrative example, the time-dependence of these parameters is modeled in the simplest possible way, i.e. by a one-year pulse between 1977 and 4 Like the Deutsche Bundesbank (Federal Reserve Bank of Germany, 1996) Although we do not want to claim too much from our simple numerical example, the results indicate that the elasticities of production of capital and energy significantly exceed their cost shares, whereas for labor the opposite holds. These discrepancies induce technological progress towards the observed direction of substituting expensive routine labor by energy and (increasingly information processing) capital. As a number of recent studies 6 have shown, a similar disequilibrium prevails in industrial production. Given the observed factor prices, the production systems appear to be operating in boundary -and not interiorcost minima in factor space, where the boundaries, at a given point in time, are established 5 Of course, innovations and structural change penetrate the market gradually, which might favor a model with continuous time-dependent parameters. However, there is the unavoidable trade-off between increases in model flexibility (with a necessarily increased number of fit parameters) on the one hand and the associated loss of explanatory power from a statistical perspective on the other. In view of the indicated statistical quality measures, our approach of dividing the considered three decades into two characteristic periods before and after the energy crisis seems to provide a reasonable approximation in modelling innovation and structural change in the considered service industries.
6 Ayres (2001) , Ayres and Warr (2001) , Beaudreau (1998) , Hall et al. (2001) , Kümmel et al. (1985 Kümmel et al. ( , 2000 Kümmel et al. ( , 2002 , Lindenberger (2000) , and Lindenberger et al. (2001) .
by the state of technology in information processing and automation, and prevent the systems from sliding at once into the absolute cost minimum with considerably lower labor input.
Summary and conclusions
This paper proposed production functions designed to model the evolution of service industries. The method of their derivation, which may be utilized to deduce further new functional forms, is based on specifying the output elasticities of labor, capital, and energy according to a set of differential equations, and subject to asymptotic technological boundary conditions in factor space. These boundary conditions allow to incorporate potential technological change and progress of automation, where routinelabor is substituted by energy and (increasingly information processing) capital, in the production function. In view of the diffusion of IT-technology, this is especially important in the traditional service industries like trade, banking, insurance, or public administration. The corresponding production possibilities are explicitly incorporated in the derived functional forms.
The methodology applied enables to introduce parameters with a well-defined physical/technological interpretation in the production function, e.g. the energy demand of the capital stock. Whereas in the conventional production function approach the accounting of technical progress requires the specification of a certain neutrality hypothesis (Hicks, Harrod, Solow, Sato-Beckmann neutral progress or other), functional forms containing technological parameters with a well-defined physical interpretation enable to analyse the actual direction of technological progress and change. Application of the model to the German market-determined services over three decades yields shifts of capital efficiency and energy demand parameters that indicate structural change and the market penetration of increasingly energy efficient technology in response to the energy price-hikes in the 1970s, a finding consistent with the empirically well known massive investments in energy saving technology since the oil-price crises.
The numerical results presented indicate that capital's and energy's output elasticities systematically exceed the respective factor cost shares, whereas labor's elasticity is below its factor share. This mismatch, which was also found in a number of similar studies, reflects the replacement of expensive routine labor by energy-driven and increasingly information processing capital in the course of technological progress in the observed direction of increasing automation, while the Solow residual is mostly resolved. 
